Abstract-Modern electrical power system is evolving to a smarter and agile system, which will support society's sustainable development. The low voltage grid should be capable of withstanding new challenges such as reverse power flows and voltage unbalance (VU) caused by distributed generation. In this paper, the mitigation possibilities of the VU caused by single-phaseconnected photovoltaics (PV) are analysed with Tesla Powerwall 2 battery energy storage systems (BESS) added to the grid. Three different BESS phase connection strategies are modelled and the VU is assessed with Monte Carlo Simulation (MCS). A low voltage distribution grid in Sweden is considered with different PV and BESS penetration levels and the applied method for VU assessment is validated. Simulation results reveal the effectiveness of VU mitigation by connecting PV and BESS to the same phase.
I. INTRODUCTION
The successful development of humanity requires a reliable and cost effective power system. Similarly to labour and capital, energy is an essential part of the development process and the power system is playing a key role in the energy infrastructure. However, the modern power system is rather not suited for sustainable development of a modern society. It is heavily based on fossil fuels [1] , which are depleting. Fortunately, society is accepting the challenge of transferring to a more sustainable power system, which was recently enforced by the 2015 Paris Climate Action Agreement [2] .
Power systems should be reorganised to be capable of hosting renewable energy sources and be able to tackle the problems caused by high penetration of distributed renewable energy generation [3] . One of the adverse impacts of the renewables, such as single-phase solar, is voltage unbalance in a low voltage grid [4] . In this paper, the possibilities of mitigating the voltage unbalance (VU) by introducing a battery energy storage system (BESS) to a low voltage grid with single-phase photovoltaic (PV) solar power generation is analysed and a stochastic framework for evaluating VU is developed.
Introducing a BESS to the low voltage grid has an opportunity to mitigate the VU caused by PVs. BESS charging can increase the level of VU, similarly to PV generation. On the other hand, VU can be reduced by choosing the right phase connection strategy. In this paper, three different strategies of BESS phase connection will be analysed: 1) BESS connected to a random phase. 2) BESS connected to the same phase as PV.
3) BESS connected to phase with highest voltage level.
The BESS considered in this paper is Tesla Powerwall 2. It is Tesla's second generation home battery system with robust environmental specifications and relatively low lifetime cost [5] , which makes it a viable option for BESS. The charging power of the BESS is assumed to be 5 kW [6] . PV arrays considered in this paper are assumed to be all single-phaseconnected and the nominal power output of a single PV array is set at 6 kW. A low voltage grid is considered in this paper which is based on an existing grid in Sweden and is the same as presented in [7] .
The VU is assessed with Monte Carlo Simulation (MCS) approach. The MCS covers 1000 iterations for every possible number of PVs. VU is calculated at every iteration and probabilistic VU distribution per every number of PVs is shown in the results. A MATLAB code was developed to model the stochastic MCS algorithm.
II. VOLTAGE UNBALANCE
Voltage unbalance is a phenomenon in a polyphase electrical system when phase voltages have different values and angles between phases are not equal. The causes for VU are nonsymmetrical loads, non-transposed distribution grid and nonsymmetrical generation. Voltage unbalance can cause problems in grid operation, such as increased losses [8] , the higher utilisation factor of network components [9] and risk damaging electrical machines [10] . This makes VU an important power quality aspect, which should be taken into account in network planning.
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In the three-phase electrical system, VU can be found by means of symmetrical components. The three voltage phasors are split into three components: positive (v (1) ), negative (v (2) ) and zero sequence component (v (0) ). Symmetrical components are calculated as shown in Equation 1 [11] , where operator a = 1 · 120 • . The same formula can be applied to current phasors.
Voltage unbalance was calculated using symmetrical components and it is defined as the ratio of the negative sequence component and the positive sequence component, as shown in Equation 2. The voltage unbalance should not exceed the limit of 2% in a low voltage grid [12] .
III. THE GRID
The grid used in this paper is based on the grid from [7] . The grid has a typical topology for a rural North European area and has 16 busbars, 6 of which are end busbars. Single line diagram of the grid is shown in Fig. 1 . The considered grid [7] As it can be seen in Fig. 1 , the end busbars are: 13, 16, 9, 15, 11 and 12. The VU is assessed at the end busbars only, because it is assumed, that customers are connected to the feeder ends. The maximum number of PVs is equal to the quantity of end busbars in the grid, because it was assumed that PVs and BESSs are connected only to the customers. The feeder and transformer (XFMR) data can be seen in Table I . 
IV. TRANSFER IMPEDANCE
Transfer impedance is a grid impedance model which consists of a n-by-n square matrix of impedances, where n is number of busbars [11] . Each matrix element represents the impedance between the slack bus and the point of common coupling for two busses. A MATLAB code was developed based on the algorithm described in Table II.   TABLE II  TRANSFER IMPEDANCE CALCULATION [7] 1
Connect PV/BESS at busbar m. n at busbar n.
4
Find a ratio of voltage at busbar n and current at busbar m, which will be a mn element of transfer impedance matrix Z nm .
5
Repeat steps 3 and 4 for all busbars.
6
Repeat steps 1 to 5 for all busbars.
In this paper, the negative sequence voltage column vector was calculated by multiplying the transfer impedance square matrix by the column vector of injected negative sequence currents at every busbar, as shown in Equation 3.
Negative sequence current was obtained with Equation 1 and equals to one third of the phase current. It was assumed that negative sequence impedance is equal to positive sequence impedance [13] , thus no impedance modifications were made.
V. STRATEGY DESCRIPTION
Three different BESS phase connection strategies are analysed in this paper. The high penetration of PV generation in a low voltage distribution grid can cause severe VU levels due to the high injection of negative sequence current component [14] and imbalanced current can be compensated by the single-phase equipment. In order to mitigate the VU, the BESS connection phase can be chosen among the three-phases feeding the residential households. The aim is to assess the impact of every strategy on the VU and evaluate which strategy has the best VU mitigating potential. The strategies are listed below.
• Strategy 1 -Random phase
The first strategy has chosen phase for the BESS connection randomly. The PV and BESS were connected to grid without phase coordination, leading to random phase for both.
• Strategy 2 -Same phase as PV In the second strategy, the BESS was connected to the same phase as the PV. Wires have dedicated colour for each phase and PV phase can be tracked down.
• Strategy 3 -The phase with highest voltage level During the third strategy, the BESS was connected to a phase which has the highest voltage level. This strategy requires phase voltage measurements and could require coordination with distribution system operator (DSO).
VI. MONTE CARLO SIMULATION
In this paper, VU was evaluated with a MCS method. In [7] , [15] and [16] , the same approach was chosen to assess the VU. This method is appropriate for stochastic assessment of VU during network planning, because DSOs have a little information about the penetration and location of PV production and BESS charging in real time. In the future, low voltage grids will host more of the smaller scale singlephase generation and storage devices, connection parameters of which are hard to coordinate.
In order to simplify the model, constant current models were assumed for both the PV and BESS. The current drawn was equal to the maximum current, which corresponds to the maximum power. The flowchart of the stochastic VU assessment can be seen in Fig. 2 .
The quantity, location and phase connection were generated with a uniform distribution. In other words, there is equal probability, e.g. for that a PV was connected to phase a, b or c.
The VU assessment algorithm was divided into two parts. During the first part, the PV location and phase connection were randomly chosen. The PV quantity was incremented from one to maximum possible number of PVs by one after the 1000 iteration runs were over. The maximum possible number of PVs is equal to the number of end busbars, which, in the case of the considered grid, is six.
In the second part, the quantity and location of BESS were randomly sampled within the values of PV. Phase connection was determined by the chosen strategy (discussed in Section V). The number of BESS was lower or equal to the number of PVs and they were located at the same busbars. It was assumed that only customers with PV arrays can have a BESS installed. For every number of PVs, the algorithm ran for 1000 times and VU was assessed at every iteration.
VII. RESULTS
The results are divided into two parts. During the first part, the VU values of the PV-only case are presented. In the second part, BESS was introduced to the model and the results of the three different BESS phase connection strategies are presented. Different colours refer to different end busbars. 
A. PV only -method validation
In this subsection, the VU caused only by PV penetration was assessed. BESS penetration was equal to zero. The results were compared with the ones in [7] to validate the VU assessment method was. The VU probability distribution functions in the case of three and five PVs are shown in Fig.  3 and Fig. 4 . The obtained results demonstrate that with three PVs the VU of 1% has nonoccurrence probability of approximately 60% to 90% and VU higher than 1.8% is unlikely to occur. The limit of 2% is not exceeded. Obtained results match results presented in [7] with reasonable accuracy by visual inspection. With five PVs connected to the grid, the results show that VU of 1% has a probability of around 50% and VU is less than 2% with 95% to 100% probability. Results match the ones in [7] . Fig. 5 presents a deeper analysis of the VU dependency from number of PVs. The VU exp, mean denotes the mean value of the VU that is expected to occur in the grid. The VU 95%, mean denotes the mean value over all end busbars of the 95 th percentile of the VU. The 95 th percentile value is favourable in stochastic network planning, because the probability that the value is exceeded is sufficiently small and it is unnecessary to consider the worst case scenario [14] . The VU 95%, max denotes the maximum value of the 95 th percentile. Unlike the VU 95%, mean , the VU 95%, max designate the maximum value of a single busbar. By increasing the number of PVs in the grid, the VU exp, mean value is increased from 0.5% to around 1.1%. The VU 95%, mean increases from 0.75% to 1.9%. All the values are lower than the VU limit of 2%. Nevertheless, the VU 95%, max critically approaches the limit at five PVs and in the case of six PVsthe VU limit is exceeded. This means that 95 th percentile value is within the limit on a grid scale, but it can be exceeded on a single busbar scale.
The 95 th percentile values are slightly decreased at four PVs, compared to the grid with three PVs. The reason for this is that with more single-phase PVs in a grid, the less is the probability having them all in one phase [14] . Results shown in Fig. 5 match with the ones presented in [7] .
The developed VU assessment method can be considered valid as the obtained results match the reference results.
B. Strategy 1 -PV with BESS in Random Phase
VU was assessed with BESS connected to random phases. The results with five PVs connected can be seen in Fig. 6 and VU dependency on the number of PVs can be seen in Fig. 7 . Fig. 6 . Probability distribution of VU in the case of five PVs and BESS connected to random phases After BESS were added to random phases in the grid, the VU levels have risen (Fig. 6) . In case of five PVs the charging of BESS caused higher VU, reaching 45% to 65% probability of 1% VU and up to 19% probability of exceeding 2% VU. Fig. 7 . VU dependency on the number of PVs in the grid with BESS connected to random phases Fig. 7 gives a better illustration of the VU trend. The VU exp, mean has a higher value within the range of PV penetration. The expected VU in the grid can now reach 1.25%, which is still within the limit. On the other hand, the VU 95%, mean value exceeds the limit at four PVs and can be exceeded on some single busbars already at three PVs.
The results imply that connecting BESS to random phase will have a negative effect on the VU level and is not an appropriate strategy for mitigating the VU in low voltage grid with single-phase solar power generation.
C. Strategy 2 -PV with BESS in the same phase
In this strategy, the BESS was connected to the same phase as the PV. The VU probability distribution function and VU versus number of PVs can be seen in Fig. 8 and Fig. 9 . Connecting the BESS to the same phase with the PV has positive result (Fig. 8) . The VU has decreased compared to the system without BESS. The VU of 1% has a nonoccurrence probability of 75% to 90% and exceeding the 2% of VU is possible in end busbars in 0-2% of cases. Fig. 9 . VU dependency on the number of PVs in the grid with the BESS connected to same phase
In Fig. 9 , the VU exp, mean has a lower value compared to the grid without BESS, and ranges from 0.1% to 0.7%. The 95 th percentile values are very low in the case of one PV, staying approximately at 0.1% of VU. However, it can reach values around 1.5% of VU in case of six PVs. All the values are below the VU limit. The strategy of connecting the BESS to the same phase as the PV has good results in VU mitigation.
D. Strategy 3 -PV with BESS in phase with highest voltage
In this strategy, the BESS was connected to a phase with the highest voltage level. The results can be seen in Fig. 10 and Fig. 11 . In the case of five PVs connected to the grid (Fig. 10) , the 1% VU has a probability from 65% to 95% on different busbars. The probability of occurrence of 2% VU or higher is less than 5%.
A more comprehensive analysis of the VU dependency from the number of PVs can be seen in Fig. 11 . The VU slope in the beginning of the graph is steeper than in the end of it, meaning that the number of PVs has a higher impact on the VU with low number of PVs. This can be seen in the case of 1-3 PVs, when VU levels rises significantly. On the other hand, the VU increases slowly but surely at higher number of PVs. Starting from 4 PVs, the VU increases with relatively consistent rate. The VU exp, mean levels in the case of Strategy 3 reach 0.75% of VU with the maximum number of PVs. The 95 th percentile mean and maximum values stay around 1.5%. 
VIII. CONCLUSION
A stochastic method based on MCS was used to estimate the VU mitigation possibilities by introducing a BESS in a low voltage distribution grid with single-phase PV generation. The method was developed in MATLAB and the results were validated with research work that has utilised the same approach.
Three different BESS connection strategies were modelled and VU mitigating possibilities of each were analysed. Simulation results show that connecting BESS to random phases had a negative effect and increased the VU levels in a system. Connecting the BESS to the same phase as the PV had a positive effect and VU levels decreased. Connecting the BESS to the phase with the highest voltage level had a positive effect on the VU mitigation as well.
